Abstract: This paper presents a novel approach to generate a binary phase-coded microwave signal with accurate phase shift and large continuous operating bandwidth. In the system, the phase-coding modulation with an accurate phase shift has been realized by the joint use of two cascaded polarization modulators (PolMs). The generation of phasecoded microwave signals at 10 GHz, 18 GHz, and 28 GHz has been experimentally demonstrated, which verifies the proposed technique positively. Since there is no use of any optical filters and fiber Bragg gratings (FBGs), this system is rather simple and free from the optical bandwidth limitation problem with operating in a continuous microwave bandwidth as large as limited only by the PolMs (from dc to 40 GHz).
Introduction
The photonic generation of microwave and millimeter-wave has attracted a topic of interest in the last few years with numerous applications in the field of wireless communications, radar, sensing, and some other modern equipment. Since the conventional method to generate the phase-coded signals in the electrical domain limits the operating frequency only at several GHz, the photonic generation of phase-coded microwave has also been widely investigated in the last decade [2] - [9] . A phase-coded microwave pulse was generated in [2] using a spatial light modulator (SLM) as its optical source. However, since the SLM-based system used the free-space components, the system was bulky and lossy. The major limitation of the systems in [5] and [6] were the use of the interferometers (Mach-Zehnder interferometer and Sagnac interferometer), which were very sensitive to environmental perturbations and frequency chirp problem. Recently, phase-coded microwave generated with a single polarization modulator (PolM) was demonstrated [7] . Compared with the techniques used before, the system showed a distinctively lower complexity, but with a specific length of polarization-maintaining fiber adopted, the carrier frequency of the generated phase-coded microwave was fixed without any tunability. Very recently, two techniques based on the sideband selection scheme were proposed, in which a polarization-maintaining fiber Bragg grating (PM-FBG) and a PolM were incorporated [8] , [9] . In [8] , the phase-coded microwave signal was generated by phase-modulating two polarization-orthogonal sidebands in a PolM. However, because of the fixed PM-FBG, the lightwave must be tuned into the center of its two transmission bands, and the microwave operation bandwidth was confined by the two notches. In [9] , the precisely phase-shifted binary phase-coded microwave signal was generated with a programmable optical filter (POF) and a PM-FBG, which had the same problem in fact.
In this paper, we propose and demonstrate a simpler and more stable approach to generate a binary phase-coded microwave signal with an accurate phase shift. With a proposed structure of two cascaded PolMs, the incident lightwave is first transferred into two orthogonal directions by the digital sequence imposed on the 1st PolM to form two optical subsquare waves, and then, these two waves are modulated by the microwave signal from the VNA in the 2nd PolM. By laying the following polarizer and adjusting the polarization, polarization information of the two modulated optical square waves is converted into chirp-free intensity information. After the 1st sidebands and the optical carriers beat at the photodetector (PD), a serial of binary phase-coded microwave signal with an accurate phase shift is generated. An experiment based on the above technique is then performed. The generation of binary phase-coded microwave signals with an accurate phase shift respectively at 10 GHz, 18 GHz, and 28 GHz is also demonstrated.
Without containing any optical filters and FBGs, on one hand, the system becomes much simpler and more reconfigurable; on the other hand, there is not any limitation for the optical wavelength from the laser source, which thus makes the system free from the optical bandwidth limitation and operate in a large continuous microwave bandwidth only limited by the highest modulation frequency of PolM (from dc to 40 GHz). Besides, since there is no need to tune the phase in the optical domain like the SI structure in [6] , the system is free from frequency chirp problem, which can provide the opportunity to distribute the processed photonic microwave signal to a further distance in the fiber and guarantees the system's operating stability.
Principle
The schematic of the proposed system for the generation of a binary phase-coded microwave signal is shown in Fig. 1(a) . The configuration includes a tunable laser source (TLS), two cascaded PolMs (1st PolM and 2nd PolM), two polarization controllers (PC1and PC2) before and after the 2nd PolM, a polarizer, and a PD. A continuous-wave (CW) lightwave from the TLS is coupled into the cascaded PolMs at 45 to one principal axis of the 1st PolM. Fig. 1(b) shows the operation principle of the cascaded structure. When the lightwave is injected into the 1st PolM, the optical power is equally divided along the two principal axes (X-and Y-axes). Since the PolM is a special phase modulator with opposite modulation indices along two principal axes [10] , the two orthogonal components of lightwave (along X-and Y-axes) will be phase-modulated inversely by the digital code sequence imposed onto the 1st PolM, as shown in parts A and B of Fig. 1(b) . The two modulated optical components are then sent in to the PC1. The PC1 is used to adjust the polarization angle because the pigtail of the 1st PolM is a length of single mode fiber. By adjusting the PC1, the polarization directions of the two optical components can be aligned with the principal axes of the 2nd PolM. As shown in part C of Fig. 1(b) , with this particular alignment, the orthogonal optical components modulated by the 1st PolM could be transferred into two optical subsquare waves with complementary codes along the axes respectively at 45 and 135 relative to the X principal axis of the 2nd PolM.
Assume the CW lightwave injected into the cascaded PolMs is E ¼ ffiffiffi 2 p E 0 e j! o t , where ffiffiffi 2 p E 0 is the optical amplitude and ! o is the optical angular frequency. The output optical filed along the X and Y principle axes of the 1st PolM can be expressed as
where the is the phase modulation index, and the V ðt Þ is the digital sequence imposed on the 1st PolM. When these two modulated lightwaves pass into the 2nd PolM, the orthogonal optical components at 45 and 135 to the X principal axis can be written as
From (3) and (4), it is very obvious that, if the 1st PolM is driven by a digital sequence with a low voltage of zero and a high voltage of V =2 (V is the half-wave voltage), the sequence will be alternatively imposed into the orthogonal polarization directions, which means two subsquare waves are generated in each polarization direction.
The orthogonal optical subsquare waves are phase-modulated again in the 2nd PolM by a microwave signal from the VNA to introduce the optical carrier and the sidebands, as shown in part D of Fig. 1(b) . After the modulation, the two modulated subsquare waves are then sent into the following polarizer. By aligning the two subsquare waves at 45 and À45 relative to the transmission axis of the polarizer, they are just equally projected to the transmission axis. In this situation, as shown in the inset of Fig. 1 , the 2nd PolM and the polarizer can be incorporated as two Mach-Zehnder modulators (MZMs) with complementary response curves. What is more, the two modulators are just biased at the cross point in the linear region. Since the response curves are out of phase, it is easily figured out the intensity response of the two phase-modulated orthogonal subsquare waves should have an accurate shift, which could also be verified from the mathematical analysis.
The output subsquare waves (E 45 out and E À45 out ) projected from the 45 and À45 can be expressed as
where J n represents the nth-order Bessel function of the first kind. Since opposite signs occur only before the terms of J 0 in (6), the optical carriers of the two optical waves (E 45 out and E À45 out ) are out of phase, while the sidebands are in phase. After the 1st-order sidebands beating with the optical carriers at the PD, the generated microwave current under the high-level voltage of the digital sequence is and the generated microwave current under the low-level voltage of the digital sequence is
Obviously, there is a phase difference of between the two microwave currents. In each time slot, since just only one of the two currents occurs under the control of the digital sequence, a binary phase-coded microwave signals with an accurate phase shift is finally generated.
Compared with the approaches in [9] , the cascaded structure for the phase-coded microwave signal generation makes the system much simpler, moreover, since there is no need to use POF and PM-FBG, the system has no requisition to limit the optical spectrum and the amplitude of sidebands and can thus operates in a continuous microwave range from dc to 40 GHz, which is the modulation bandwidth of the PolMs. In addition, without the need of dc bias for the PolMs, the system is free from bias drift, which guarantees the system's stability.
Experiment Results
An experiment based on the schematic diagram in Fig. 1(a) is performed to verify the above analysis. As shown in Fig. 2(a) , the center wavelength of the CW from the TLS is at 1549.935 nm. To demonstrate the large operating bandwidth, we choose the modulation frequency respectively at 10 GHz, 18 GHz, and 28 GHz. The generated optical sidebands and the optical carrier are shown as (b), (c), and (d) in Fig. 2 . Since the 2nd-order sidebands are lower than À40 dB, the beating effects introduced by the 2nd-order sidebands can be reasonably ignored.
For the sake of testing the phase-coding capability, the 10-GHz binary phase-coded microwave signal is discussed first. The digital phase-coding signal is a sequence of 2.5-Gb/s B0101. . .[ from a Programmable Pulse Generator (PPG; Agilent 81250B). Fig. 3(a) shows the phase-coded microwave signal, and Fig. 3(b) shows the phase information recovered from the signal using the Hilbert transform. From the Fig. 3 , it can be clearly seen the phase shift is just at 180
, which confirms well with the theoretical analysis. Besides, with only a very low ripple, the result indicates the system has a good stability. Fig. 4 (a) and (b) demonstrates the pulse compression capability of the generated phase-coded microwave at 10 GHz. This time, the phase-coding signal imposed onto the 1st PolM is a 2.5-Gb/s pseudo random bit sequence (PRBS), which has a length of 512 bits. In Fig. 4(a) , it shows the generated 10-GHz phase-coded signal with time duration of 30 ns. In Fig. 4(b) , it shows the autocorrelation calculated from this signal. Comparing the two figures with each other, a significantly compression could be found. As shown in the inset of Fig. 4(b) , the autocorrelation peak has a 3-dB bandwidth of 0.207 ns. Hence, a compression ratio of 140.2 is achieved. Due to the accurate phase shift in the phase-coded microwave signal, the peak-to-sidelobe ratio (PSR) reaches to 8.2.
To demonstrate the operating bandwidth of the system, another two phase-coded microwave signals at 18 GHz and 28 GHz are also evaluated. In Fig. 3, (d) and (f) present the results of the phase information recovered from the two phase-coded signals shown in (c) and (e). Because of the equipment's' limitation in our lab, we use two B0101[ digital sequences at 4.5 Gb/s l and 3.5 Gb/s to respectively phase-code the 18 GHz and 28 GHz microwave signals. The calculated autocorrelations for both modulated microwave signals are shown in Fig. 4(d) and (f) . For the 18-GHz signal, the autocorrelation peak has a 3-dB bandwidth of about 0.17 ns with a pulse compression ratio of 178.4. For the other, the autocorrelation peak has a 3-dB bandwidth of about 0.18 ns with a compression ratio of 170.3. Again, by virtue of the accurate phase shift, the PSRs of the two microwaves are both bigger than 8, which is 8.3 for the 18 GHz and 8.2 for the 28 GHz.
Conclusion
A novel approach to generate a binary phase-coded microwave signal with accurate phase shift and large operating bandwidth has been proposed and comprehensively studied. A theoretical analysis on the operation principle of the cascaded two PolMs has been also performed with the analysis verified by the following experiment. Since there was no need of any optical filters and FBGs, the system had no requisition to the wavelength of the laser diode and the microwave operating bandwidth was only limited by modulation frequency of two PolMs (from dc to 40 GHz). In addition, without the structure to introduce phase shift in the optical domain, like the SI in [6] , the proposed system is totally chirp-free, which can provide the opportunity to generate the phasecoded microwave signal at further terminals distributed by the fiber links. To demonstrate the operating bandwidth, binary phase-coded microwave signals at 10, 18, and 22 GHz have been generated in the experiment with the pulse compression ratios bigger than 135 and PSRs bigger than eight at least.
